ABSTRACT: Nanoscale manipulation of atoms is desirable in modern technologies. Atoms in a 
Introduction
Controllable fabrication of nanostructures is a cornerstone of modern nanoelectronic, optoelectronic and nanophotonic technologies. Both top-down, as well as, bottom-up approaches for the fabrication of nanostructured devices, have been developed. 1 Electron Beam Lithography (EBL) 2 and Focused-Ion-Beam (FIB) milling 3 are two sophisticated fabrication techniques that require specialized equipment and are still primarily limited to two-dimensional objects while full control over three-dimensional positioning and orientation of individual nanostructures on planar and, especially, curved surfaces is still in its infancy.
Here we demonstrate a stereoscopic growth of Ag nanorods on a surface of Ag nanorods, resulting in a 3D nanostructure, in vacuum conditions with dimensions, orientation and position controlled by the electron beam parameters of a scanning electron microscope (SEM). We present results of nanorod on nanorod formation with precise control over diameter (30-70 nm) and length (50-1000 nm) achieved by adjusting the exposure time and nanorod positioning better than 5 nm limited by the electron-beam spot-size. Previous studies reported that silver ions migrate in silver containing materials under influence of electron beam irradiation. [4] [5] [6] [7] [8] [9] [10] [11] We have confirmed that the conventional SEM imaging mode (scanning mode) results in randomly located growth of nodules and wires, we showed that continuous exposure to the electron beam in EDX mode results in formation of high-aspect ratio nanorods with controlled dimensions and orientations at the chosen location. Nanoscale manipulation of atoms is desirable for many modern technologies and the results open up a number of exciting possibilities for nanoscale controlled in situ fabrication of nanoparticles and nanowires.
Previous attempts has successfully demonstrated grows of nanowires at random locations within the area irradiated by electron beams. 5-7, 9, 10, 12, 13 Mesoporous zeolites show high sensitivity to electron beam irradiation under high vacuum and the formation of silver nanorods with high aspect ratios of up to 3000 have been reported in studies on silver containing zeolites, 6, 7, 10, 14 while copper containing materials can also form high aspect ratio nanorods. 13 In addition to solid phase transitions, the effect has also been reported in the liquid phase, using We have demonstrated electron-beam assisted growth of stereoscopic structures with control over nanorod diameter, length and orientation and nanoscale precision in their position on the example of a nanorod-on-nanopillar geometry using as "a substrate" prefabricated silver nanopillars with typical dimensions of 100-250 nm diameter and 1-4 µm length. Hereafter, we refer to structures formed by electron beam as nanorods and the prefabricated base as nanopillars. The nanopillars were formed via electromigration in a thin strip of porous silver.
Initially, the porous silver was created by sintering a paste (NanoTach® X Silver paste from NBE Tech) containing silver nanoparticles with an average diameter of 30 nm at 300 °C in air.
After sintering, nanorods were formed in the silver stripe by connecting the ends of the stripe to a voltage source (outputting ~7 mV across the stripe) to generate a current density of 2. The growth is performed with the FEG-1 electron beam parameters. (Fig. 1a) by changing the orientation of the sample (leaving the tilt unchanged), while the drift velocity was kept at 5 nm/s. Fig. 1b shows the location of two more beam spots and drift directions. The event labelled "3" resulted in a doubling of the thickness of the nanorod grown during the exposure "3" while the event labelled "4" resulted in a new nanorod (Fig. 1c) . A further irradiation event labelled "5" results in a new nanorod parallel to the neighbouring nanorod and with the same length at a separation distance of 10 nm (Fig. 1d) . The lengths of the nanorods are the same at 340 ±5 nm. The images in Figs. 1(c) and (d) confirm that at 5 nm/s beam speed, the nanorod growth direction and length can be controlled by the drift during irradiation. Fig. 1d demonstrates that nanorods can be generated parallel to each other with high precision (position control better than 5 nm). They can be grown either parallel to each other on the substrate (Fig. 1b and c) or indeed on the tips of existing nanorods (Fig. 1d-f ). The 34 nm diameter and 375 nm long nanorod in Fig. 1e formed in similar fashion and again 376 nm long nanorod formed on the previously formed nanorods in Fig. 1f . The formed nanorods in Fig.   1e and f consists of both 70 and 32 nm diameter segments, controlled by single and double exposures.
Table 1. Length and diameter of different nanorod formed via Electron Beam Irradiation (EBI)
in Figure 1a -f. Figure 1a -f Arrow Number 1 (Fig. 1a,b) Arrow Number 3 (Fig. 1b,c) Arrow Number 4 (Fig. 1b,c Fig. 2a shows that the nanopillar composition is silver (77.8%), carbon (14.6%) and oxygen (7.6%), while the composition of the generated nanorod ( Fig. 2b) is Ag (97%) and carbon (3%). The presence of both carbon and a thin oxide layer are normal on silver surfaces but there is also a possibility that the halo effect is caused by SEM optics at high magnification which is known to result in differing contrast and blurring at the edges of 1D and 2D structures. the spot location ( Fig. 3d and e) . The Energy Dispersive X-ray (EDX) analysis of the nanoparticles shows the same composition as the nanorods with 97% Ag and 3% carbon. For both FEG-1 and FEG-2 spot-mode experiments the monotonic drift was caused by sample charging. It is proposed that in future, elimination of this constant drift, and creation of a dynamically controlled drift be implemented by using motorized sample stage controls. In the current implementation the drift speed and direction were both constant. The drift at 5 nm/s resulted in growth of high aspect ratio nanorods while the drift at 10 nm/s resulted in growth of nodules. This suggests that the ion drift speed responsible for growth lies between these two values.
Nanorod in

Discussion
To the best of our knowledge and as also stated in other studies, [4] [5] [6] there is no general and comprehensive model explaining the growth mechanism of whiskers and nanostructures due to electron beam irradiation. 5 In general, the electron beam used in scanning electron microscopy can cause a temporary or permanent change in the surface or bulk structure of a specimen, arising from elastic and inelastic electron scattering and related heating, electrostatic charging, ionization damage (radiolysis), displacement damage, and sputtering. Studies which explicitly result in growth of silver nanostructures under irradiation include. [4] [5] [6] [7] [8] [9] [10] [11] 14 Of these, ref. 5 appears to be the most relevant as the mechanisms proposed; i) migration of silver ions from a silver nanowire substrate in the presence of an electric field, ii) the presence of an oxide layer (in that publication TiO 2 , in the present work, silver oxide), and iii) stresses caused by thermal gradients caused by electron beam heating are present also in the current work. In general terms, initial heating of the substrate during the interaction with the beam, provides energy for atomic migration. 5, 6 This can be also coupled to softening of the internal material structure under the electron irradiation. Charging of the silver under the irradiation simultaneously results in attraction of silver ions to the regions exposed to the electron beam. Additional driving forces are also present due to temperature gradients over the silver surface, which, combined with the electric fields, 6, 16 continuously drive ions towards the region exposed to the electron beam as it drifts. Longer exposure to the electron beam tends to result in longer, curved whiskers 5-7 as opposed to the straight nanorods observed with short exposures.
Conclusions
In summary, electron-beam irradiation has been used to fabricate stereoscopic nanorods 
